When a Motor Goes Bad: A Kinesin Regulates Neuronal Survival  by Kaplan, David R. & Miller, Freda D.
interaction has an important function 
both  in  the  formation  and  mainte-
nance of  the  foot processes. These 
and other questions  await  answers; 
however,  the  two  papers  by  Jones 
et al. (2006) and Verma et al. (2006) 
have provided new central pieces to 
help  solve  the  puzzle  of  identifying 
the molecular mechanisms of podo-
cyte  foot-process  development, 
injury, and repair.
RefeRences
Huber, T.B., Kottgen, M., Schilling, B., Walz, 
G.,  and  Benzing,  T.  (2001).  J.  Biol.  Chem. 
276, 41543–41546.
Jones,  N.,  Blasutig,  I.M.,  Eremina,  V.,  Rus-
ton, J.M., Bladt, F., Li, H., Huang, H., Larose, 
L.,  Li, S.S.,  Takano,  T.,  et  al.  (2006). Nature. 
Published online March 8, 2006. 10.1038/na-
ture04662.
Lahdenpera, J., Kilpelainen, P., Liu, X.L., Pik-
karainen,  T.,  Reponen,  P.,  Ruotsalainen,  V., 
and  Tryggvason,  K.  (2003).  Kidney  Int.  64, 
404–413.
Li, H., Lemay, S., Aoudjit, L., Kawachi, H., and 
Takano,  T.  (2004).  J.  Am.  Soc.  Nephrol.  15, 
3006–3015.
Rivera,  G.M.,  Briceno,  C.A.,  Takeshima,  F., 
Snapper,  S.B.,  and Mayer,  B.J.  (2004). Curr. 
Biol. 14, 11–22.
Shih,  N.Y.,  Li,  J.,  Karpitskii,  V.,  Nguyen,  A., 
Dustin, M.L., Kanagawa, O., Miner, J.H., and 
Shaw, A.S. (1999). Science 286, 312–315.
Simons, M., Schwarz, K., Kriz, W., Miettinen, 
A.,  Reiser,  J.,  Mundel,  P.,  and  Holthofer,  H. 
(2001). Am. J. Pathol. 159, 1069–1077.
Tryggvason, K., Patrakka, J., and Wartiovaara, 
J. (2006). N. Engl. J. Med. 354, 1387–1401.
Verma, R., Wharram, B., Kovari, I., Kunkel, R., 
Nihalani, D., Wary, K.K., Wiggins, R.C., Killen, 
P., and Holzman, L.B.  (2003). J. Biol. Chem. 
278, 20716–20723.
Verma,  R.,  Kovari,  I.,  Soofi,  A.,  Nihalani,  D., 
Patrie, K., and Holzman, L.B.  (2006). J. Clin. 
Invest.  Published  online  March  16,  2006. 
10.1172/JCI27414.When a Motor Goes Bad: A Kinesin 
Regulates neuronal survival
David R. Kaplan1,* and Freda D. Miller1
1Cancer Research and Developmental Biology, Hospital for Sick Children Research Institute, Departments of Molecular and 
Medical Genetics and Physiology, University of Toronto, Ontario, Canada M5G 1X8
*Contact: dkaplan@sickkids.ca
DOI 10.1016/j.cell.2006.03.031
In this issue of Cell, Midorikawa et al. (2006) demonstrate that the kinesin superfamily 
member KIF4, a microtubule-based molecular motor, regulates the survival of electrically 
active neurons in the developing brain by modulating the function of poly(ADP-ribose) 
polymerase-1 in an unexpected way.Naturally  occurring  neuronal  cell 
death  is  a  fundamental  process 
whereby  approximately  half  of  the 
neurons  produced  in  the  mamma-
lian nervous system die as part of a 
developmental mechanism to ensure 
the  establishment  of  appropriate 
neural  connections.  Observations 
from Victor Hamburger and Rita Levi-
Montalcini  more  than  50  years  ago 
demonstrated  that  limiting  amounts 
of trophic factors made by develop-
ing  target  tissues determined which 
neurons lived or died during this cell 
death period (Levi-Montalcini, 1987). 
Further studies made it apparent that 
trophic  factors work  in concert with 
neuronal  activity—which  regulates 224  Cell 125, April 21, 2006 ©2006 Elseviecell  survival  by  increasing  the  con-
centration  of  cytosolic  calcium—to 
precisely  sculpt  and  refine  the con-
nections  made  in  the  developing 
nervous system. Identifying the intra-
cellular mediators that regulate neu-
ronal  survival  in  response  to  these 
two  environmental  signals  is  thus 
important  not  only  for  our  under-
standing of development but also for 
our  efforts  to  devise  approaches  to 
maintain neuronal survival in the face 
of  traumatic  injury  or  neurodegen-
erative disorders.
Although great strides have been 
made  toward  identifying  the  key 
signals  that  allow  trophic  factors 
to  regulate  naturally  occurring  cell r Inc.death, less progress has been made 
with neuronal activity. In this issue of 
Cell, Midorikawa et al. (2006) exam-
ine  activity-dependent  cell  survival 
in  developing  central  nervous  sys-
tem  (CNS)  neurons  and  come  up 
with the surprising and unexpected 
finding  that  a  kinesin  superfamily 
protein  (KIF4)  is  a  crucial  determi-
nant  of  neuronal  cell  death.  Mem-
bers  of  the  kinesin  superfamily 
(KIFs)  have  long  been  known  as 
neuronal  molecular  motors  that 
move  along  microtubules,  trans-
porting cargo from the cell body to, 
and in some cases from, axons and 
dendrites (Hirokawa and Takemura, 
2005).  Forty-five  members  of  the 
KIF family are thought to selectively 
transport  components  of  synaptic 
vesicles,  ion  channels,  mitochon-
dria, and mRNAs. Although much is 
known about the transport function 
of  many  KIFs,  in  particular  kinesin 
(KIF5), the function of KIF4, which is 
expressed in the neonatal and juve-
nile but not adult brain, is obscure. In 
this regard, Midorikawa et al. (2006) 
have defined a new role for KIF4 as a 
proapoptotic protein for developing 
CNS neurons.
The first clue to this new KIF4 func-
tion was the identification of poly(ADP-
ribose)  polymerase-1  (PARP-1)  as  a 
binding  partner  for  KIF4.  PARP-1  is 
a DNA binding protein  that has sev-
eral important functions in neurons; it 
detects DNA strand breaks induced by 
genotoxic agents, modifies chromatin 
structure, and regulates transcription 
as a component of enhancer and pro-
moter binding complexes (Kim et al., 
2005). It performs these functions by 
covalently  linking  a  long  negatively 
charged  polymer,  poly(ADP-ribose), 
to proteins, thereby dramatically alter-
ing  their  functions.  However,  within 
the  nervous  system,  PARP-1’s  most 
well-known function is as a regulator 
of cell death. In particular, under con-
ditions  of  severe  stress  or  neuronal 
injury, such as following an ischemic 
incident, overactivation of PARP-1  is 
essential for both necrotic death and 
for  caspase-independent  apoptosis, 
where  it  acts  to  induce  the  nuclear 
translocation  of  apoptosis-inducing 
factor  (AIF),  resulting  in  cell  death 
(Kim et al., 2005).
Does  PARP-1  play  a  similar  pro-
death  role  in  developing  neurons? 
Here, Midorikawa et al. (2006) dem-
onstrate  the  opposite,  that  PARP-1 
promotes  survival,  and  not  death, 
of  developing  CNS  neurons.  Spe-
cifically, they demonstrate that the C 
terminus of KIF4 binds  to and  inac-
tivates  PARP-1,  and  that  CNS  neu-
rons lacking KIF4 have constitutively 
high  PARP-1  activity.  Importantly, 
kif4  knockout  neurons  or  wild-type 
neurons  treated  with  small  interfer-
ing  RNAs  to  KIF4  have  a  remark-
able survival advantage compared to 
cells  expressing  wild-type  levels  of 
KIF4. Finally, a knockdown of PARP-1  levels  or  activity was  sufficient  to 
inhibit neuronal survival  in response 
to  activity,  but  not  in  response  to 
trophic factors. Together, these find-
ings strongly support the conclusion 
that  in  neurons  under  basal  condi-
tions,  KIF4  and PARP-1  are  associ-
ated  and  PARP-1  is  inhibited,  but 
that neuronal activity leads to disso-
ciation of the KIF4/PARP-1 complex, 
with  the  subsequent  activation  of 
PARP-1 promoting neuronal survival. 
To  confirm  that  KIF4  also  functions 
in vivo as a death-promoting protein 
through  its  effects  on  PARP-1,  two 
forms of KIF4, one that interacts with 
PARP-1 and one that does not, were 
overexpressed  in  the  developing 
mouse CNS by in utero electropora-
tion.  Expression  of  KIF4  that  inter-
acts with  PARP-1  induced  neuronal 
death,  whereas  a  KIF4  mutant  that 
fails to interact with PARP-1 did not.
What  is  the  signaling  pathway 
that  regulates  KIF4  and  PARP-1, 
and  how  does  activity  suppress 
KIF4 and enhance PARP-1 function? 
The  authors  took  advantage  of  the 
report of Homburg et al. (2000), who 
showed that depolarization of embry-
onic  cortical  neurons  enhanced 
PARP-1  activity  by  raising  nuclear 
calcium levels. Similarly, Midorikawa 
et  al.  (2006)  found  that  depolari-
zation  increased  cytoplasmic  and 
nuclear Ca2+  levels, and that  inhibit-
ing Ca2+ influx markedly suppressed 
the survival of wild-type but not kif4 
knockout  neurons. Moreover,  in  the 
absence  of  KIF4,  neuronal  PARP-1 
activity  was  elevated,  dispensing 
with the requirement of Ca2+ to acti-
vate PARP-1. The question remained, 
however,  as  to  how  activity  sup-
presses KIF4  function and activates 
PARP-1. The authors again turned to 
the report of Homburg et al.  (2000), 
who showed that activity causes an 
automodification of PARP-1; PARP-1 
polyADP-ribosylates  and  activates 
itself. Midorikawa et al. (2006) greatly 
extended this finding by showing that 
the  activity-dependent  Ca2+  influx 
stimulates CaMKII, which  phospho-
rylates  PARP-1  and  enhances  its 
auto-polyADP  ribosylation  activity. 
KIF4, which cannot bind to and sup-
press  the  activity  of  automodified Cell 125PARP-1,  subsequently  dissociates 
from PARP-1  and  translocates  from 
the nucleus (where it resides together 
with PARP-1  in  basal  conditions)  to 
the axons. This unexpected activity-
dependent  KIF4  translocation  may 
explain  how  KIF4  could  function  in 
the  same  cell  as  both  a  cell  death 
and  motor  protein.  In  the  absence 
of  activity,  KIF4  would  suppress 
survival by binding  to and  inhibiting 
PARP-1 within  the  nucleus.  In  elec-
trically  active  neurons,  KIF4  would 
dissociate  from PARP-1,  translocate 
out of the nucleus, and then regulate 
the selective transport of cell survival 
or  growth-promoting  proteins,  thus 
conferring upon active neurons a fur-
ther  advantage over  those deprived 
of  activity.  In  this  regard,  KIF4  has 
been shown to mediate the transport 
of L1, a cell adhesion protein impor-
tant for axonal growth and guidance 
(Hirokawa and Takemura, 2005).
The  identification  of  the  KIF4 
motor  protein  as  a  cell  death  pro-
tein  regulating  PARP-1  activity, 
and  the  establishment  of  PARP-1 
as  a  key  prosurvival  protein  during 
brain  development,  are  new  and 
unexpected.  There  are,  however,  a 
number of questions  regarding  this 
new  activity-dependent  pathway. 
Does  suppression  of  KIF4  elimi-
nate  naturally  occurring  neuronal 
cell  death  in  intact  animals?  Does 
the  cell  death  observed  following 
KIF4 overexpression in the develop-
ing  brain  result  from  suppression 
of PARP-1? What are the targets of 
PARP-1  that  induce  survival  during 
this  period?  One  promising  candi-
date  is  transcription  factor  NF-κB, 
which  functions  during  neuronal 
development as a cell survival pro-
tein  (Middleton  et  al.,  2000)  and  is 
regulated by PARP-1 activity in neu-
ronal cells (Chiarugi and Moskowitz, 
2003).  As  the  inhibition  of  PARP-1 
does  not  completely  suppress  the 
survival of kif4−/− neurons, then what 
are  the other  prosurvival  targets  of 
KIF4?  An  intriguing  possibility  is 
that KIF4 might inhibit important cell 
death  proteins  such  as  the  kinase 
JNK. The related KIF5 forms a com-
plex with the JNK interacting protein 
(JIP), a scaffolding protein required , April 21, 2006 ©2006 Elsevier Inc.  225
for  JNK’s  death-promoting  activity, 
as  part  of  its  cargo-carrying  func-
tion (Hirokawa and Takemura, 2005). 
KIF4  conceivably  could  compete 
with JIP for JNK binding, preventing 
JIP from activating JNK.
An  important  message  from  this 
study is that distinct signaling path-
ways exist for neuronal activity- and 
trophic  factor-dependent  survival 
in developing CNS neurons. PARP-
1  inhibition  did  not  suppress  neu-
ronal  survival  mediated  by  trophic 
factors,  suggesting  that  although 
PARP-1  activity  is  enhanced  by 
neurotrophic  factors  (Visochek  et 
al., 2005), PARP-1 prosurvival path-
ways are not essential for survival of 
the  neurons  examined  here.  Previ-
ous studies have shown that trophic 
factors  and  electrical  activity  do 
share some important neuronal sur-
vival  signaling  pathways  such  as 
the  PI3-kinase-Akt/PKB  pathway, 
which  suppresses  the  expression 
and  activity  of  the  BH3  family  cell 
death proteins Bim, BAX, and BAD, 226  Cell 125, April 21, 2006 ©2006 Elsev
Many  pathogenic  organisms,  bac-
teria or protozoa,  take  refuge  inside 
cells,  often  as  a  means  to  escape 
the immune response. However, this 
strategy is not devoid of risks. During 
infection, most intracellular microbes 
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